Approximately 2 million of the estimated 16 million individuals with diabetes in the United States will develop chronic foot ulcers or infections during the course of their disease (38) . An infection is initiated when the skin barrier is breached and bacteria, mostly skin commensals, gain access to the underlying tissues. Although limb-threatening infections are usually polymicrobial, Staphylococcus aureus is a major determinant of these infections (21) . S. aureus is the predominant pathogen in non-limb-threatening infections, particularly in patients who have not received antimicrobial therapy (5, 26, 27) . The emergence of S. aureus strains resistant to multiple antibiotics has made treatment of staphylococcal infections especially problematic. Methicillin-resistant S. aureus strains have become increasingly prevalent among both nosocomial and communityacquired infections within the United States (22, 36, 43) . The prevalence of methicillin-resistant S. aureus is higher among diabetic patients than in the general population (11, 44, 45) . Seven S. aureus strains resistant to vancomycin have been isolated in the United States, and four of these strains were isolated from patients with diabetes (42, 50) . Complications of type 2 diabetes such as peripheral neuropathy and vasculopathy contribute to delayed wound healing. Although the increased susceptibility of the diabetic host to bacterial infections is well established, the chronicity of these infections is poorly understood. A consistent defect in the humoral or cell-mediated host immune system of diabetic patients has not been demonstrated. However, deficiencies in the host innate immune response are apparent since clinical investigations have indicated that phagocytes from type 2 diabetic patients are in a heightened state of oxidative stress and have impaired bactericidal activity and chemotaxis (6, 15, 41, 48) . Clearly, numerous pathophysiologic perturbations contribute to the recurrence of soft tissue and bone infections in the lower extremity of patients with diabetes.
C57BL/6J-Lepr db /Lepr db (hereafter, db/db) mice are a valuable model of type 2 diabetes since they are hyperglycemic and resistant to insulin, and they experience peripheral neuropathy, delayed wound healing, and myocardial disease. In this study we inoculated the hind paws of wild-type Lepr ϩ/ϩ (ϩ/ϩ) and diabetic db/db mice with S. aureus and evaluated the course of the ensuing infection in each host type, as well as the resultant host innate immune response to infection. Diabetic mice that were Ն4 months of age were more susceptible to staphylococcal infection than age-matched nondiabetic control animals. The db/db mice showed a heightened inflammatory response that was characterized by defects in phagocyte function.
MATERIALS AND METHODS
Mice. db/db mice develop type 2 diabetes due to a lack of a functional hypothalamic leptin receptor (7, 8) . The animals become obese around 3 to 4 weeks of age, elevations of plasma insulin begin at 10 to 14 days of age, and blood sugar levels start to rise at 4 to 8 weeks. Control nondiabetic mice included wild-type (ϩ/ϩ) and Lepr db / ϩ heterozygous (db/ϩ) littermates. Male mice (8 weeks of age) were purchased from The Jackson Laboratory (Bar Harbor, ME) and were housed in a modified barrier facility under viral antibody-free conditions. The animals were given food and water ad libitum, and blood glucose levels were measured by the glucose oxidase test with glucostrips (Bayer, Elkhart, IN). Animal care and experimental procedures complied with guidelines established by Harvard Medical School.
Mouse model of S. aureus hind paw infection. S. aureus strain PS80 (streptomycin resistant) is a capsular serotype 8 isolate that has been shown to be virulent in a surgical wound infection model (32) , a rat model of abscess formation (46) , and a hind paw infection model described previously (39) . S. aureus PS80 was cultivated for 24 h at 37°C on Columbia agar supplemented with 2% NaCl. A bacterial suspension was prepared in phosphate-buffered saline (PBS), and the number of CFU/ml was confirmed by quantitative plate counts. Mice were anesthetized subcutaneously with 100 mg of ketamine/kg of body weight and 10 mg/kg xylazine. The left hind paw was cleansed with 70% ethanol, and a syringe with a 29.5-gauge hypodermic needle was used to inject 10 l of the bacterial suspension into the plantar-proximal aspect of the hind paw. At various time points after inoculation, the mice were euthanized by CO 2 asphyxiation, and the hind paws were amputated and defleshed. The excised tendon and muscle tissues were weighed and homogenized in tryptic soy broth with a mechanical homogenizer. The homogenates were serially diluted and plated quantitatively on tryptic soy agar. The lower limit of detection was ϳ1.6 log 10 CFU/g of tissue.
Histological examination of hind paw tissues. Infected hind paws were excised and fixed in formaldehyde. The tissues were decalcified, embedded in paraffin, and stained with hematoxylin and eosin. Immunohistochemical staining was performed on tissue sections that were deparaffinized and pretreated with 10 mM sodium citrate buffer (pH 6.0). After tissue samples were rinsed in distilled water, endogenous peroxidase activity was quenched by treatment with Peroxidase Block (Dako, Carpinteria, CA). Mouse neutrophils were detected with rat monoclonal anti-mouse Ly-6G (Gr-1; BD Pharmingen, San Diego, CA) applied at a 1:100 dilution for 1 h. After samples were washed in 50 mM Tris-Cl (pH 7.4), rabbit anti-rat antibody was applied at a 1:750 dilution for 1 h. Slides were washed again and treated with goat anti-rabbit horseradish peroxidase-conjugated antibody (Envision Plus detection kit; Dako). After another washing step, immunoperoxidase staining was developed with a diaminobenzedene chromogen (Dako), and nuclei were counterstained with hematoxylin. A myeloperoxidase (MPO) assay (30) was used to quantify neutrophil accumulation in the hind paw tissues.
Tissue chemokine measurements. Excised hind paw tissues were homogenized in lysis buffer (1% Nonidet P-40, 500 mM NaCl, 50 mM HEPES, 1% Igepal detergent, pH 7.2 to 7.4) containing a mammalian protease inhibitor cocktail (Sigma, St. Louis, MO). Soluble tissue extracts were stored at Ϫ70°C before testing. Concentrations of CXCL1/KC (keratinocyte-derived chemokine) and CXCL2/macrophage inflammatory protein 2 were measured by a sandwich enzyme-linked immunosorbent assay (ELISA) from R&D Systems (Minneapolis, MN). The detection limit of the ELISA was 16 ng/ml, and the results were normalized to the weight of the hind paw tissue samples.
Functional analyses of blood leukocytes. Heparinized blood was collected by nicking the tail vein of mice. Blood killing assays were performed in polypropylene tubes containing 200 l of mouse blood and 100 l of S. aureus to yield a final concentration of 10 5 CFU/ml. The samples were incubated at 37°C on a rotator, and aliquots were removed for quantitative culture after 0, 60, and 120 min. The data were expressed as percent survival of the initial inoculum. The respiratory burst of the neutrophils was assessed by the oxidation of dihydrorhodamine-123 as described previously (39) . Neutrophils were identified and gated on the basis of their forward and side scatter and by staining with phycoerythrin-conjugated anti-mouse Ly-6G (eBioscience, San Diego, CA). The samples were analyzed on a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA) with CellQuest Pro software.
Functional analyses of bone marrow-derived neutrophils. Bone marrow-derived neutrophils were isolated as described by Looney et al. (29) . Mice were euthanized by CO 2 asphyxiation, and their femurs and tibias were flushed with PBS. After hypotonic lysis of erythrocytes, the cell suspension was layered over a 62% Percoll (Sigma) gradient and centrifuged for 30 min at 1,300 ϫ g. The resulting neutrophil pellet was washed in PBS and suspended in minimum essential medium (MEM; Invitrogen, Grand Island, NY) with 1% endotoxin-free bovine serum albumin (BSA). Neutrophils were counted on a hemacytometer, and cell purity was confirmed by Diff Quick staining of cytospin preparations. S. aureus was opsonized with fresh frozen 10% mouse serum for 20 min at 37°C. For phagocytosis assays, 5 ϫ 10 6 opsonized bacteria were incubated with 5 ϫ 10 5 neutrophils in 300 l of MEM-1% BSA for 30 min at 37°C on a rotator. Cytospin preparations of each sample were stained with Diff Quick solution and evaluated under a light microscope. The percentage of 200 neutrophils with cell-associated or internalized S. aureus was estimated, and the average number of bacteria per neutrophil was calculated. For the S. aureus killing assays, 2 ϫ 10 6 opsonized bacteria were incubated with 2 ϫ 10 6 neutrophils in 500 l of MEM-1% BSA at 37°C on a rotator. Aliquots were removed at 0, 30, and 60 min; diluted in ice-cold sterile water with 0.05% saponin; vortexed vigorously; and plated on tryptic soy agar plates.
Statistical analyses. Data collected from three groups of animals were analyzed by analysis of variance with Bonferroni posthoc analysis. Comparisons between two groups were analyzed by the unpaired Student's t test with Welch's correction.
RESULTS

Susceptibility of diabetic db/db mice to S. aureus infection.
The blood glucose levels in 8-to 11-week-old ϩ/ϩ wild-type and db/ϩ heterozygous nondiabetic control mice were 3.9 to 7.3 and 4.7 to 6.3 mmol/liter (71 to 131 and 84 to 113 mg/dl, respectively), respectively. In contrast, db/db mice of the same age had blood glucose levels that ranged from 25.5 mmol/liter to Ͼ33.3 mmol/liter (459 to Ͼ599 mg/dl). Our initial studies were aimed at evaluating whether mice with type 2 diabetes showed greater susceptibility to S. aureus infection of the hind paw than nondiabetic mice. The animals were challenged with S. aureus strain PS80 at doses ranging from 8 ϫ 10 4 CFU to 8 ϫ 10 6 CFU. Most of the nondiabetic ϩ/ϩ, db/ϩ, and diabetic db/db mice inoculated with 8 ϫ 10 4 CFU of S. aureus resolved the infection within 5 days, as estimated by quantitative cultures of the homogenized hind paw tissue (data not shown). In contrast, animals (three mice/group) challenged with 8 ϫ 10 6 CFU of S. aureus developed an acute, purulent infection, and the bacterial burden in the infected tissues was uniformly high. The mean log CFU/g of tissue Ϯ standard error of the mean (SEM) was 7.48 Ϯ 0.98, 7.73 Ϯ 0.66, and 7.56 Ϯ 0.60 for the db/db, db/ϩ, and ϩ/ϩ mice, respectively. At an inoculum of 8 ϫ 10 5 CFU, the mean log CFU/g of tissue was highest for the diabetic db/db animals (5.57 Ϯ 0.59). The nondiabetic mice had fewer viable S. aureus cells recovered from the tissues (Table  1) , although the differences among the groups did not reach statistical significance by analysis of variance (P ϭ 0.0655). An inoculum dose of ϳ10 6 CFU per mouse was considered optimal and chosen for further experiments.
Because 8-to 11-week-old db/db mice did not exhibit significantly greater susceptibility to staphylococcal infection than nondiabetic littermates, we considered that animals sustained in a prolonged diabetic state might be more vulnerable to S. aureus infection. Therefore, we housed the mice for periods up to 35 weeks before hind paw challenge with S. aureus. As shown in Table 1 , db/db mice 20 weeks of age were more susceptible to S. aureus infection than db/db animals 8 to 11 weeks of age. The mean bacterial burden in the infected hind paws of db/db mice 20 weeks of age was 3 to 4 logs higher than that of age-matched db/ϩ or ϩ/ϩ control mice (P ϭ 0.0035). Housing the mice up to 35 weeks did not further enhance the susceptibility of the db/db animals to staphylococcal infection 
5.57 Ϯ 0.59 (5) (Table 1) , and so mice 16 to 20 weeks of age were utilized for subsequent experiments. Figure 1 shows the time course of S. aureus infection in the hind paw of groups of 4 to 10 diabetic db/db or ϩ/ϩ mice 19 to 20 weeks of age. Whereas the tissue bacterial burden peaked 24 h after bacterial challenge in both groups of mice, the wild-type animals showed a greater ability to clear the infection thereafter. The db/db animals had significantly more S. aureus recovered from the infected tissues on both days 5 (P ϭ 0.05) and 10 (P ϭ 0.0168). Furthermore, 6 of 10 ϩ/ϩ mice had sterile hind paw cultures on day 10 compared with only 1 of 7 db/db mice.
Inflammatory response to S. aureus in infected hind paws. Neutrophils play an important role in the initial host responses to bacterial infection. We evaluated whether the impaired clearance of bacteria from the hind paw tissues of db/db animals was associated with an aberrant inflammatory response. The hind paws of ϩ/ϩ and db/db mice were inoculated with ϳ10 6 CFU of S. aureus, and the animals were euthanized for tissue harvest after 6, 12, 24, or 48 h. An examination of the stained tissue sections revealed that both groups of animals responded to the S. aureus challenge with a robust neutrophil infiltration to the infected tissue. However, the temporal course of the host response indicated that the inflammatory response was more pronounced in the db/db mice 6 and 12 h after bacterial challenge. Twelve hours after bacterial inoculation, the inflammatory response in the infected tissues of diabetic mice was markedly greater than in nondiabetic ϩ/ϩ mice ( Fig. 2A and B) , exhibiting an influx of neutrophils (Ly-6G positive) to the infection site ( Fig. 2C and D) . Neutrophil infiltration was quantified by MPO assays performed on the tissues of mice euthanized at 6, 12, or 24 h. Although neutrophils could be seen in the hind paw tissue as early as 6 h postinfection (data not shown), MPO activity was barely detectable in the tissue homogenates then (Fig. 2E) . Tissue extracts from both mouse groups had detectable MPO activity by 12 h, but the hind paw tissues from infected db/db mice showed higher (P ϭ 0.0154) MPO activity than those of ϩ/ϩ mice, despite similarities in the tissue bacterial burden (Fig. 1) . By 24 h, the tissue MPO activities were comparable in both mouse groups (Fig. 2E) , confirming the similarities in the influx of neutrophils by 24 h that we observed histologically (data not shown). These results suggest that db/db mice exhibit a greater early inflammatory response to S. aureus infection than the nondiabetic ϩ/ϩ mice. However, the results of quantitative cultures (Table 1 and Fig. 1) show that this early inflammatory response in the db/db animals was not effective in bacterial clearance.
Chemokine levels in infected hind paws. To determine whether enhanced chemokine production might explain the excessive neutrophil influx in the hind paw tissues of infected db/db mice, we measured CXCL1 and CXCL2 levels in hind paw tissue extracts from infected mice by an ELISA. Consistent with a greater influx of neutrophils to the infected tissues, CXCL1 levels were significantly higher (P ϭ 0.0089) in db/db mice than in ϩ/ϩ mice 12 h after S. aureus inoculation (Fig.  3A) . Similarly, tissue CXCL2 levels at 12 h were approximately twofold higher in db/db mice than in nondiabetic ϩ/ϩ mice (Fig. 3B ), but the difference was not quite significant (P ϭ 0.0689). Chemokine levels at 6 h and 24 h were comparable in both diabetic and nondiabetic mice (Fig. 3) , consistent with the MPO activities measured at these same time points (Fig. 2E) . 6 CFU of S. aureus PS80. The animals were euthanized at different time points, and the excised tissue was cultured quantitatively. Each point represents the mean Ϯ SEM of cultures performed on groups of 4 to 10 animals. The bacterial burden in the hind paws of db/db mice (black circles) was higher than that of the ϩ/ϩ mice (white circles) on days 5 (P ϭ 0.05) and 10 (P ϭ 0.0168), as determined by the unpaired Student's t test with Welch's correction for samples with unequal variances.
FIG. 2. Inflammation seen at 12 h in the hind paw tissues from ϩ/ϩ (A) and db/db (B, C, and D) mice challenged with ϳ10
6 CFU of S. aureus. Hematoxylin and eosin staining was used in panels A, B, and C. Immunohistochemical staining of neutrophils with anti-mouse Ly-6G antibody was used in panel D. Panel C shows a higher magnification (ϫ100) of the boxed region in panel B showing neutrophils as the predominant cell type. Images in panels A, B, and D are at a magnification of ϫ10. (E) MPO activity in homogenates of hind paw tissues from mice (n ϭ 2 to 4) challenged with 10 6 CFU of S. aureus. MPO activity was higher (P ϭ 0.0154) at 12 h in the db/db mice (black circles) than in the nondiabetic ϩ/ϩ mice (white circles).
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Functional analyses of blood leukocytes.
The paradoxical finding that the greater inflammatory response of db/db mice was accompanied by an inability to clear the bacterial infection led us to examine neutrophil function in the db/db mouse. Neutrophils recovered from patients with type 2 diabetes have been shown to exhibit impaired bactericidal activity (6, 15, 41, 48) . To determine whether leukocytes from db/db mice would show a similar defect, we performed S. aureus killing assays with mouse blood. Blood samples were tested on one to three occasions for 22 ϩ/ϩ mice and 37 db/db mice. As shown in Fig.  4 , blood from ϩ/ϩ mice killed 52% of the S. aureus inoculum after a 2-h incubation at 37°C. Similar levels of staphylococcal killing were observed previously in the blood from ICR (outbred mice derived at the Institute for Cancer Research) and nonobese diabetic (NOD) mice (39, 47) . The blood from db/db animals killed only 33% of the S. aureus cells (P ϭ 0.0029). We along with others have shown that preincubation with up to 33 mmol/liter ␣-D-glucose did not impair the in vitro respiratory burst or bactericidal activity of neutrophils from nondiabetic mice (39, 41) .
To determine whether the impaired bactericidal activity of blood from db/db mice could be attributed to defects in phagocyte function, we performed respiratory burst assays. Blood from ϩ/ϩ or db/db mice was incubated for 30 min with MEM-1% BSA or S. aureus, and the respiratory burst was assessed by the oxidation of dihydrorhodamine and analyzed by flow cytometry. Figure 5A shows the results of a typical experiment wherein unstained neutrophils and neutrophils stained with reduced dye are shown in the R2 region, and the cells that oxidized the dye appear in the R3 region. Neutrophils from the ϩ/ϩ animal showed a marked shift in fluorescence in response to S. aureus, indicative of a robust respiratory burst (Fig. 5A) . In contrast, neutrophils from the diabetic db/db mouse responded poorly to the S. aureus stimulus.
The data in Fig. 5B and C summarize the neutrophil response of 13 db/db mice that were compared with six nondiabetic ϩ/ϩ control mice. The percentage of resting neutrophils (stimulated with MEM-1% BSA only) that oxidized the dye was higher for db/db mice than ϩ/ϩ mice, but this difference was not significant (P ϭ 0.1148). All of the animals showed a similar percentage of neutrophils that responded to the S. aureus stimulus (Fig. 5B) ; however, the magnitude of the response (measured by the mean fluorescence index) was significantly lower (P ϭ 0.0494) for the diabetic mice. The addition of 0.1 M phorbol myristate acetate (PMA), a protein kinase C (PKC) agonist, induced a similar phagocyte respiratory burst in both db/db and ϩ/ϩ mice ( Fig. 5B and 5C ). Functional analyses of bone marrow-derived neutrophils. Since neutrophils comprise only ϳ28% of mouse peripheral leukocytes (10), we purified neutrophils from the bone marrow of 16-to 20-week-old ϩ/ϩ and db/db mice. At a multiplicity of infection (MOI) of 10 (10 CFU per neutrophil), Ͼ90% of the neutrophils from diabetic and nondiabetic animals had ingested S. aureus opsonized with 10% serum after 30 min. The number of bacteria associated with or internalized by each neutrophil ranged from 9 to 18 for cells recovered from both ϩ/ϩ and db/db mice. If the MOI was decreased to 1 or if the staphylococci were opsonized with 4% serum, the phagocytic uptake of staphylococci by neutrophils from ϩ/ϩ or db/db mice remained comparable (data not shown).
The bactericidal activity of bone marrow-derived neutrophils from ϩ/ϩ and db/db mice was assessed with an in vitro opsonophagocytic killing assay. The bacteria were opsonized with 10% normal mouse serum and incubated with or without neutrophils. As shown in Fig. 6 , bone marrow-derived neutrophils from ϩ/ϩ and db/db mice killed ϳ75% of the S. aureus inoculum within 60 min. Without opsonizing mouse serum, no killing was observed (data not shown). Additional experiments wherein the bacteria were opsonized with 5% serum or with S. aureus capsule-specific antibodies failed to show differences in the bactericidal activity of bone marrow-derived neutrophils from diabetic and nondiabetic mice (data not shown).
DISCUSSION
Individuals with type 2 diabetes may develop lower-extremity infections and ulcerations that can be severely debilitating, often leading to functional disability, depression, increased risk of amputation, and associated mortality. Many factors influence the susceptibility of diabetic patients to infection, including vascular pathology, peripheral neuropathy, and nephropathy. Foot and ankle infections are the most common cause of hospitalization in diabetic patients (37) , and S. aureus is a frequent cause of these infections. Recurrent infection and delayed wound healing associated with diabetic foot ulcers may ultimately result in lower-extremity amputation.
Previously, we established a chronic S. aureus infection in the hind paws of NOD mice (39) . These animals develop type 1 diabetes between 14 and 23 weeks of age. In contrast to age-matched nondiabetic littermates, the diabetic NOD mice were unable to resolve the staphylococcal hind paw infection over a 10-day period. The diabetic animals exhibited a delayed inflammatory response to S. aureus, and this finding was consistent with diminished CXC chemokine levels in the infected tissues. The impaired killing of S. aureus in the tissues and blood of diabetic mice correlated with a diminished in vitro leukocytic respiratory burst.
Like diabetic NOD mice, db/db mice with type 2 diabetes were also more susceptible to staphylococcal infection than age-matched ϩ/ϩ littermates. This susceptibility was more apparent in db/db mice that were Ն20 weeks of age than in younger animals, perhaps as a result of their sustained hyperglycemic state. The host response to the S. aureus hind paw infection in the db/db animals was quite distinct from that observed in diabetic NOD mice. Levels of the proinflammatory chemokines CXCL1 and CXCL2, which recruit neutrophils (23, 49) , were elevated in the hind paw tissues of db/db mice 12 h after bacterial inoculation. Accordingly, db/db mice showed a greater inflammatory response to S. aureus infection than ϩ/ϩ mice. The early neutrophil influx into the infected hind paw tissues of diabetic mice exceeded that of wild-type mice, and this observation was confirmed by MPO assays. Since others have reported diminished intracellular MPO activity in neutrophils from patients with type 2 diabetes (40) , this quantitative assay may have actually underestimated the numbers of neutrophils in the tissues of the db/db animals.
Neutrophils are the major inflammatory cells in acute bacterial infections. However, the heightened inflammatory response observed in db/db mice did not result in resolution of the staphylococcal infection. Similar observations using other staphylococcal infection models have been reported, wherein a neutrophil-rich environment actually exacerbated the infection as a result of S. aureus survival within neutrophils (16, 31, 32) . Consistent with the inefficient clearance of the bacteria from the infected hind paw tissues, phagocytic killing of S. aureus in the blood from db/db mice was impaired (Fig. 5) . Several groups have reported that patients with diabetes or hyperglycemia exhibit aberrant neutrophil responses (1, 3, 12, 14, 33, 34) . Other investigators, however, failed to detect a defect in neutrophil function (18, 28) . These discrepancies could be attributed to the metabolic status of the diabetic patients, differences in methodology, or underlying diseases or complications among the population groups.
The phagocyte respiratory burst is key to neutrophil function since reactive oxygen species generated by the NADPH oxidase membrane complex effectively kill the engulfed bacteria (17) . Individuals with chronic granulomatous disease lack NADPH oxidase activity and suffer recurrent, often life-threatening bacterial infections (25) . Likewise, mice lacking one of the subunits of the NADPH oxidase complex exhibit enhanced susceptibility to S. aureus infection (13, 35) . The respiratory burst of neutrophils from the blood of db/db mice was aberrant compared with that of nondiabetic ϩ/ϩ mice (Fig. 5) . Whereas only ϳ20% of resting neutrophils from control mice were activated in the presence of medium alone, ϳ40% of resting neutrophils from the blood of db/db mice were activated. Several studies have demonstrated that resting neutrophils from diabetic patients exhibit an augmented oxidative burst activity compared with resting neutrophils from nondiabetic controls (2, 18, 24) . Chronic exposure to low levels of reactive oxygen species may contribute to vascular complications and the development of chronic low-grade inflammation commonly found in diabetic hosts (41) . In our study, these "primed" neutrophils exhibited a blunted response to stimulation with S. aureus. Similar numbers of neutrophils responded to S. aureus in both mouse groups, but the magnitude of the oxidative burst for neutrophils from the db/db mice was only about 60% of the wild-type response, consistent with results from Shurtz-Swirski and colleagues (41) , who stimulated human neutrophils in vitro with zymosan. The measured rate of superoxide release from the neutrophils of type 2 diabetic patients was significantly lower than that of age-and sex-matched normal control subjects. Consistent with the findings of Zykova et al. (51), we observed no difference in the PMA-induced respiratory burst in neutrophils from db/db and ϩ/ϩ mice. PMA enters neutrophils and activates PKC by directly binding to its diacylglycerol (natural activator) site (19) . Because the S. aureus-induced respiratory burst also requires activated PKC (20) , the decreased respiratory burst of db/db mice in response to S. aureus stimulus may derive from a defect upstream of PKC in the process of NADPH oxidase activation. Alternatively, activation of NADPH oxidase by PMA versus S. aureus may involve different signaling pathways or different isotypes of PKC.
To further investigate the phagocytic and bactericidal activities of neutrophils from nondiabetic and diabetic mice, we collected bone marrow-derived neutrophils from each mouse group. Notably, neutrophils from the bone marrow of diabetic db/db mice ingested and killed opsonized S. aureus as well as neutrophils from ϩ/ϩ mice. Likewise, the results of respiratory burst assays comparing ϩ/ϩ and db/db bone marrow-derived neutrophil responses to S. aureus were similar (data not shown). Since neutrophils from the bone marrow are considered fully functional (4), the diminished bactericidal activity and respiratory burst characteristic of neutrophils in the blood may be due to modulation of neutrophil function by cytokines secreted by blood mononuclear cells. Zykova et al. (51) reported that stimulated macrophages from db/db mice produced lower levels of tumor necrosis factor alpha and interleukin-1␤ than cells from db/ϩ mice. Blood glucose concentrations do not directly affect the respiratory burst or the bactericidal activity of neutrophils (39, 41) . However, ShurtzSwirski (41) did show a correlation between the rate of superoxide release and blood levels of hemoglobin A1c. Prolonged exposure of neutrophils to elevated blood glucose concentrations may cause the formation of advanced glycation end products that may compromise neutrophil function (9) . Treatment of neutrophils with advanced glycation end product albumin resulted in increased phagocytic activity; however, the treatment abrogated the production of S. aureus-induced reactive oxygen species, thereby protecting ingested bacteria from intracellular killing (9) . Whether this mechanism or others contribute to the defective neutrophil function of db/db mice is currently under investigation in our laboratory.
In summary, our results suggest that defects in innate immunity predispose diabetic db/db mice to staphylococcal infection. db/db mice showed a heightened inflammatory response to S. aureus, but the recruited neutrophils failed to resolve the bacterial infection, a result that correlated with an impaired neutrophil respiratory burst. The factors that contribute to the impaired function of neutrophils derived from the blood and tissues of diabetic mice merit further investigation.
